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1. I!~1TRODUCTIO:I

This paper reports on. the develotment of a simulation of a
constant innut torc ue r~n çallet runew~y escarement,’b~ the present
authcrs [i]~- .~~ The resulting program provides a basic tool for the

~ / 
~~ analysis and synthesis of varicus safing and arming devices.

The dynamics of the regimes of motion of the escarement

• 
have been formulated. Coupled motion , with continuous contact
between escape wheel tooth face and pallet tin , irnact of tho  r .in on
the tooth face and uncoupled , or free, motion of these rechanist ocr.—
ponents were considered. The associated re~ime equations arDly to

~~~~ entrance as well as exit conditions. Sensing exr.ressior~s for the

~~~~ determinaticn of the instantaneous positions of the pallet pin ard

~~~ 
the escape wheel form the basis of the controls of the comPuter prc—
gram. -~~-a444-t.i~~~ ~he sensing equations indicate the presence of
such ratholoc~~~l conditions as tin or back face contact . ~‘he simu-
lation hao bcen a~rlied to the tim~.ng mechanisr. cf the i.~ 25 f’ize.
The influence of changes in such narameters as escane wheel ir.nut
torque, pallet moment of inertia, center distance , pallet radius, etc.,
on the mechanism delay time h~~~~~~en explored in detai’ b:c ar~ ronr i—
ate computer runs. The results,— ie~—~~e•-e~owH he~ compare
favorably with existing experimental data.

This effort represented an extensicn ct the work of M. .

Anderson and S. L. F~edmond [2]. New methods of contact kinematics
for the courled notion, of contact sensinc, and of connutational

~..[iJ ~ur.bers in brac~ et~ refer to rc”ences in section 7.
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controls 1•~ere de’.-elc~ ec~.

2. DESORIPT OP 0? ‘~2TY~ 1 ~~~~~ IS A I D _SE~~r G  T’Y

The following describes the various dynamic re~ ir.es of
the simulation , together with the aptlicable ~cnsing p8rameters.

A. C0UPL~P

Figure 1 shows the entrance pallet i-in as it is
driven in coupled motion by tooth ‘T0• 1 of the escape wheel . The
escape wheel angle ~ is defined by the line frc~ the escare wheel
pivot Os to the tip of the contacting tooth (or the one about to
make contact) and the center line connecting C’~ to the i-allet oi~rtt
0~~ Similarly , the angle ~~~~, which is define~i by the line from 0,. to
the active pallet pin center (entrance or exit ) and the center li~e,S 
describes the motion of the pallet . The escaoe wheel is ~riven br th~S constant moment P in the positive direction of rotation. ~/h±le it is

S assumed that friction acts on the tallet pin—escanc wheel teoth inter-
face, it is neglected at both i-ivct pairs sic~e ir.-restigaticn sh~we~
that its effects are n~~ligible when the -)ivcts are of the usualS 
dia~’eter. The mathematical descrintion of coupled motion i~ furtished
by a non—linear second order differential eouation in the escape
wheel angle ~~~. The presence of the pallet is reflected bach to the
escape wheel in terms of a position dependent moment of inertia .

Entrance
Side

Pallet ~sca~e .t eei

Exit
Side

5 . 1
mm ketiN

~~‘ ~‘~“ 0 Pigure 1 Coupled Mot ion 
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S The quantit y g, which represents the distar.oc from the
contact point to the tip of the escape ~ihee1 tooth, i~ uz~;d todetermine the oro ress of couoied motion .  Thce the  a~ rle ~ has be~ m S

determined from the solution of the differential equation , both ~ ‘ 
S

and g may be computed from appropriate kinematic relationships .

B. FREE MOTION

S When coupled motion is completed , i.e. g=O , or when
separation of contact occurs after impact , escape wheel and pallet

Figure 2 Free Motion

S 

•move inderendently of each other in free mction. Figur e 2 shows thisS 
free motion for the exit phase of the action , i.e. the exit pallet
pin is about to make contact with tocth ~o. 2 of the escate wheel.
The constant torque T continues to act Cr the escape wheel , while the
motion of the pallet depends only on it s  i n i t t o l  condi t ions . Amain ,
any frictional retarding moments of the r ivc ts  are neglected. The
motions of both components are represented by simple linear 2nd order
differential equations. During this regime , mos~ticn sensing is
accomplished with the belt of the quantities g ’ and f. The first of

S these quantities represent s the distance of the pallet p in center frcm
the tip of the escine wheel tooth , while the second measures the dis-
tance between the pallet pin and the tooth face. The solutions to the
Individual differential equations provide the angles~~and. ~~~. These
are used to determine the above sensing tarameters.

S 
C. IMPACT

Impact follows free motion when both f 0 and g ’<O ,

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _
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and when the reiat~ve .nloc
it~ betw~er the conta~t s~rfuoer vorr~r~ o

S it. (g’ is negati;e bccau~e of the choice of ~~e coordinat e syttom.)
S Such an impact usually r everses the r.Ot~~~~OSfl of the paL.o~S (see Figur e

3) and under certain circuo~ctances also temtorarily reverses theS motion of the escaPe wheel.

~~D~r~ctjo~ ~~~~~ S

Figure 3 Exit Impact

Figure 14 Impending Entrance Impact

Figure 14 shows free motion for the subsequent entrance phase of the
S mechanism , i.e. the top pallet pin is about tc make contact with

tooth No. 3 of the escape wheel. The simulation recognizes only
contact on the front faces of the escape wheel teeth. This means
that such pathological conditions as impact on the tips or on the
back faces of the teeth are not considered . (The control quantities S

g and g’ make it clear when such a condition exists and the compu-
tation can then be discontinued.)
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3. FSCA? ?~~:~ ~~~~~~~~~~~~~~~~~~~~ r~
Figure 5 shows a schematic representati~ n of the pinpallet escapement and ind icates  its basic geometric nomenclature.

/~~~
S Pallet .,.>\

/
/‘ ~~~~~~~~~~~~~~~~~~~~~~~~ Es ca pe w1 .eel

/ (r~~~~ N

_ _  
/~~~~~~

S . O~ a

a
- S 

Figure 5 Escapement Nomenclature

a = Distance between pivots 0 and 0
p Sb = Escape wheel radius

S c = Pallet radius (equal on entrance and on exit side)
r = Pallet pin radius (equal on entrance and on exit side)
a = Escape wheel tooth half angle

= Angle between escape wheel teeth
A = Angle between pallet radii

14. DESCRIPTION OF CO?~~UTFR PROGRAM

2 The following gives the essential steps of the computer
program . Figure 6 represents the associated flow chart . The main
program starts the simulation with coupled motion on the entrance side
for a starting angle ~ = 1350. The total escape wheel angle is set

2The program shown is written in FORTRAN for the CDC System at
ARRADCOM, Dover , NJ.

— - - -- —S  
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to 00. Phis choice of s1~~r~ crole  r~’rr~ oert~ the anr oxirate
S midpo int of the co’.’~ let ~ct icp of o~ e exo~ nle nc.~-han iom . The co: u—

tation is termir~ated either when t = .1 seconds , or when the to nl
escape wheel anEle equals ~~~ ( See Se~ tion 53) . 5

A. COUPLED ~rT~0~ (location 100)

To solve the differential equation of coupled
motion , the main program calls on a fourth order ?unge—yutta routine .
The angles ~ ‘ and ~~ , the total escape wheel ann e , the anoular
velocities ~ and ~~~, as well as the control parameter ~ are ccmruted
for each time increment . The program continues coupled motion, under
the following circumstances:

(1) As long as g<0. (Because of the natur e of the
coordinate syster’, g is always nepative while the pallet pin can make
contact with the escape wheel tooth.)

(2) As long as, for a positive (cow) rctation of the
escape wheel, a succeeding absolute value of ~ ‘ is larger than the cne
obtained from the precedir1o computation . This condition is necesoory ,
since in coupled motion when ~ is positive , the escane wheel can only
drive the pallet hue not slow it down. if such a slowdown is m di— S
cated , it means that pallet and escape wheel have separated and that
free motion is taking place. A similar control is provided for a
negative rotation of the escape wheel, which may cccur after impact.
When coupled motion is termir.ated, control is shifted to the sub— 

S
routine containing the free motion equations (location 200). This is
done directly if g<0. in case that ~?O, the main nro.-ram mutt 

S

ascertain whether the preceding ccm~utatior.s have been made for en.-
trance or exit conditions , and accordingly , on which sicte the next

S contact will occur. In the cantle mechanism , g 0  when ~ is apProx-
imately i146° at entrance and arproximately 207° at exit. Thus, if
g � 0 and~~l5O°, all possibility for entrance contact is ended and 4
must be incremented by the tooth angle 8 (see Figures 2 and ~

) while
~ must be incremented by the angle~~~ — X. For o~~0ar~d ó>1~O°,
entrance action follows exit action and ~ must be decremented b’r the
angle 28 (see Figure 14 , where the new top tooth To. 3 comes into action).
At the same time, the pallet angle is decremented by —2i~+A .

B. FREE MOTION (location 200)

After transferring the a~rrorriate initial values
from the main trogram. the subroutine ccr~t~~inino the free mot ion 

—

3RKGS Routine, I? , System/ 3b0 Scientific i’ubr ou o in ~ package ,
(360A—CM—0X3 ) Version III.
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equations c 0 n  ~t ao  the s~~~~~~u~ nt ve~ ocit i e s  of
S pa2J c?t and escape wh~el. In addition ‘to the ab:-i~ ~ “ii:..iT~i.:n , ‘th a

total escape whe-’~l angle Ia continually conrutod . The d cci s~ rn  S

whether or not to rerair  in this -‘u!rcutine is nade ~ i t k the heir  of S

the sensing parameters f and g’.
If f>O and g ’<’O, free motion is continued without in dexing .  If S

f>O and g ’
~~), free mo t ion is also continued . Since now contact is no

S longer possible, ind~ xirg takes place.
If f~O, ccri t r o 5  is returned unconditionally to the main, Program .

If it f i nd s in addit ion t hat m ’>P , i r-dexing t a — e s  place ~nd control  is
given back to the free motion subroutine. In case that both f~ 0 an d
g’~ O contact is about to take p1~ c~ (or actually has just occurred).
The program must now decide whether this ccntaca juct rerresents a
close approach which will he followed by fur th er  free motion , or
whether it is the beginning cf couDled motion. TO this end , the
quantities VP and ~~~~~~~ which stand fo r the -relocit ies normal to the

S pallet and escape wheel contact points,1 restec-tively, are computed in
S the entrance and exit free motion tests4. The firs t  three cases of

of the entrance free motion test of the main rrogram are illustrated
by Figure 7. With both anoular velocit ies~~ and~~ rosi t ive , the follow-
ing three possibilities exist :

(1) If fV ~>j V 5~~, the cont ac t ing sur faces will
separate again and free nrio~ion will occur . Control remains with the
free motion subroutine (location 200).

(2 )  If V-~1 =~Vs~~, the escape wheel will start driv-
ing the pallet in coupled motion , and control must be transferred to
the coupled motion subroutine (location 100).

Figure 7 Entrance Free ~otion Test(
~ and~~ar’~ positive and distance f is exaggerated)

14
Under the present circumstances , if~~<l50°, only top contact can

follow, while ~ >l50° means that bottom contact will occur . 
S
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5, impa ct ~‘i hl c - c - our , and ccc-tr c S

S be gi-ren to the irpart oc -i rout ine  (b oat ion 02).
S The re mainder of the free nc-zic.n tests  are constr-~cted a3ong

similar .Lines for differon~ combinations of angular ve locity  d ir ec t ioSE’ .

S C. I~~ACT (location 300)

The subroutine containing the ir~oact ecuations uses
t~ current values of the angular veloc .ties 

~ and 
~~~~ 

, and conrutes the
post—imp act angular veloci t ies  ~~ and accor d inc -  to classical r in d

S body impact theory . (The tangen’t ial in~~act due to f r ic t ion has been
neglected). S

After impact , control is returned to the main Drograzo , and it
must be decided whether free or coupled motion follows . This is
accomplished by comparing the post—impact velocities V~ and V~ in the
impact tests. These are similar to the free motion tests.

If the contact velocities are vectorially equal to each other, or
S if the absolute value of the difference of their absolute ma~nituden

is less than 2.0 in/sec (considered a small cuartity), control i~
transferred to coupled motion. It’ this velocity difference is or-eater
than the above cMteria , computation is transferred to free motion.

5. FXA~~ LE ~~0i’rA~,±S i

The pin pallet escapement of the ~d525 fuze was used as
an example mechanism. The following first gives the dimensions of the
basic escapement (standard configuration) and then discusses certain
other data and computed values which are of importance for the ccm—
puter simulation .

A. D IMENSIONS OF ~TANDASI coNFTGN~ATIo: T ( See Fir . 5)

The standard configurat ion has the following
dimensions :

a = .193 in. (mean center distance) b = .1583 in. S

c = .0968 in r = .0136 in .
a = A = 109.337 °
I = .91 X 1O~~ lb—sec

2—in. (moment of inertia of pallet)
p 2
I = .17 X 10 ’ lb—sec -in.(moment of inertia of escape

wheel )

~~~~ _ __ _ _ S _J ., ._ _  
- .- - ~~~~~~
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S B. O-F~~ ~~~~
‘

The encap.: whee1 of ~he ~~~ t fuze is dr-ic -eu Ic- a
clock spring thro lr’h a step—ur gear t ra in  of raai 5 o 14~~.9° . The t i m i n 5~
function of the fuse, ~hich inc-oi ves a deaay of bc-tme .. two and four
seconds , ~s accorcolished once the st-ring has rotated the ~nr.ut cear
through 310° and with that , the c-cape wheel t~~~~~~~~ SU ~~S . .  L 5 .9 8 t i mes as

S many degrees . iince the heat of the esoarF-nont
stabilized after one to oh cycle , the total Cure t ime ray he ob-
tained by multir yir.c :he timo oorresoonting to ~l~ ° of escane w1 ee~
rotation by the above gear ratio.

C. STALTV~ 2 TOb°c: TrTh IN T~-~E ~:‘~JI.’.TI2’:

Measurements en ac’tu~l fuzes showe f that the
initial torque or. the escape wheels varied be:weer. . ST~~T7 and .031 in.—
lb. Since the ang le of ro ta t ion  of the in lut  gear is small , the
decrease in torque is also relatively som.ll. Therefore, a constant

S torque was assuried in the simulation , and its standard value was
S 

chosen to be .0177 in—lb .

D. OTHFR DT’E’STCTS ~.SfDfL~TTD h~TT~ ~‘T Tht~~
CON~’IGU RA TT OT

PS
,.

For purposes of control in the ccm~uter program the
following dimensions are cf interest .

S The maximum magnitude for the dimension g, associated with
coupled motion is

= — .055 in.

This occurs for the entrance condition when

S 

~gmn l32.1~°

Because of this value, the program is started in coupled motion
for ~ = 135°. For exit action , this angle becomes:

~ginx = 187°

S The escape wheel ar,g1 e corresrondinn to g 0  is also of interest .
For entrance action its magnitude is given by

~gon = l~46.3
This angle is responsible for the somewhat larger indexing criterion

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of 150° . (P ee  Sec tian  b .)  Por exit  act ion , this  angle bec~omo::

= 206 .512°

6. i p u ~~:np o’~ V PT ~P S  ~~~~~• 5 ~~~Ljh • C:L~dGNo t~~ S 5 1 T~’~T~ SL
FUZb T

The following reports on the results of numerous c om-
puter runs in which a single input or geometric parameter was varied

S in order to determine its influence on the total fuze time . In all
cases , i~ = .3 and e = .25.

(Sec.) .Standard

:

.02 .03

Torque
(Lb—in)

Figur e 8 Influence of Escame Wheel Torqu e on
Th~ze Delay Time

Figure 8 shows the influence c-f the escape wheel torque . One may
compare these t iming  results with those obtained from the well known
empirical expression:

t2 
= t].~
/

~~~~
’ 

S

If t
1 
and represent fuse time and torque associated with the

S standard configuraticn , one obtains from the above :

S For T
2 

= 75T1 
: t

2 
= 2.79

,/~~~~ 3.22 seconds
S 

and for T2 = l.25T
1 

t2 
= 2.

9/
1 

= 2.1~9 seconds

The results of the simulation show excellent agreement with this em-
pirical relationship , which has been confirmed time and again by
experi ment.

_ _ _ _ _ _ _ _ _ _ _  -- 5 - -  _
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Figure 9 Influence of Pallet Thment of inertia on
S Fuse Nela line

Figure 9 shows that the t o tn  t i m e  of the ~‘une increao-:n with an in-
crease cf the ocilec- moment of inet-~ ia .  The r a t io  of a n y  two r e r l u r s
is approximately ororortional to the ratio of the scuare roots of the
associated ioailet iner tias .

These results are also confirmed by many reports on exDerimen-
tation.

C. INFLUF CE ON PALLET—IPIbIF . 5 S :  ~~~~~~

S__________________________________________________

(Sec.) 
S

2.36 -

-- _

2.73 c.~~
_
-~ ~-— ----  S

2 7 1  ~~~~~~~~~~~~~~~~~~~

2170 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.190 .1~ .+

Figure 10 Influence of Pallet-Es::;e Wheel C:nter
Distance on Fuze b elay Time
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Niy:r -e  10 i - d i c ~ t o s  th at  the ~‘ur : t~ m o i n : ’ -ooses mc - t h e  can t e r
di s tan ce  ~a ’1 is in c rea sed . b r  a total  inar -on se  of  . ~CT in ch es  the
time ir1crease is t.ppro:dr-ately 7:~ r~~ j c- r e su l t  is ~- •~ne ra l ly  c c - c - f i r m e d
by the exeerimentation c-f {2].

D. I’b~L’ r-7bcb lb PALLLT ~~IUS
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S 3.~ O ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _____

2 9 0  ~~~~~~~~~-~~-~~~~~~~~ ---5-Oa~-- ~~~~~~~~
I S~~~~~~~~~~~~~~~~~~~~~~~~ 55 ~~~~~ 5 5

2.30 _.~~ - _ -- -- - - - --

.052 .C9o .096 .O9~ .me
?a iiet Radi zs l l l ~

Figure II Influence of Pallet Radius on Fute Delay T i re

-, Figure 11 shows a continuous and quite dramatic decrease in face time
as the pallet radius “c” is varied throu~-h .008 inches. Fxperimen—
tation in [2] gives a good correlation with this result of the simu-
lation.

E. INFLUENCE OF CIPFFICIF:TT OF FRICTION

2.90

_ _ _ _ _ _ _ _ _ _  
S

2.60

.20 .25 .~~
Coet± i c ~~en t o

~‘r~~ct1on

Figur e 12 Influence of Coefficient of Fr ict ion of
Coupled Motion on Fuze belay Time
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Figure 1? ~nd cate:  ~~ a ft -‘ -~ t i m e  :cr-~~- --~ c - n  t h e
of frictie i- incre- ~~~

- . n - - n - a i d  en: a ~~~-t 
-i c-  1~~~~~~ _~~~ r- 1’

enerdy disz u rt i on  %ri l s low th~ neohan

F. IbFhmb~ 0— (‘F C0bNbI~’::-
y ‘°~~~‘l

S According to Figure 13, the thu-c tiri n increases c-on—
- siderably as the coeffic’~ eat of restitution ic- vF-rie-i ~‘om 0 to

S Reference [1] shows that for e = 0, coumlc - d  motion fo21n~ c i i - :~~ c-
after inc-act. Vhcr. e .5 , entrance acti n concir~~ of f~nr tn ,
t hr ee of which ace followed by free motion vhi e t5.e r :i~ t1. in ~~
lowed by coupled motion . xit action s cus two it m ~~~ 5 5 w i t h  k r.-:
one followed by coupled motion. Each of t~ e imr~ cts Ic- folion~~ ~~~~

.

S escape wheel reversal . These multi ple imb acts and associated i
reversals seem to account for the observed increase i-. fo ze t ime .

(sac.)
S ~~~~~~~~~~~~~~ -—-- —

3.10

Coe~ Zici~ r~ .f

~ c3t 1t UtiOn ~

Figure 13 Influence of Coefficient of Restitution on
Fuze Delay Time
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